Generation (DG) due to their restricted goals of meeting local loads and improving reliability of the overall system. Microgrids (MGs) are connected to the main grid through a Point of Common Coupling which separates the former from the latter. At the time of an intentional islanding or fault at the grid level, a microgrid is able to disconnect itself from the rest of the grid and operate by itself. A microgrid may contain both directly connected and inverter interfaced sources with different control configurations. When disconnected or islanded from the main grid there are various approaches to share the load, one of them being master-slave control where a storage device may become the reference DG to set the nominal voltage and frequency. When the main grid is brought back to normal operation, the microgrid is able to resynchronize itself to the main grid only when it meets certain conditions so as to avoid transients. All the microsources, power electronics and their control with power management were developed in Matlab/Simulink.
I. INTRODUCTION
Power demand has been increasing significantly over the past few years. Till this date the major share of power is supplied from conventional sources like nuclear, thermal, hydro etc, which are centralized. Most of the power coordination is also centralized through a SCADA system. The Northeastern blackout in 2003 is an example which exposes the sensitive nature of a centralized grid. Though the supply and control is carried out at the distribution level, the microgrid introduces a higher level of power control by forming boundaries. It is much effective to break the distribution system down to microgrids, so as to make the whole system smarter. The concept of microgrid, where all the distributed generators including the renewable energy sources can be operated and controlled at the distribution level itself, reduces the pressure on the main grid and hence the chance of a blackout is minimized. Some of the microsources are inverter interfaced, which makes the power control more flexible while others are directly connected. DC sources like PV's, SOFC's, storage etc are directly connected to the inverter while AC sources like microturbine, flywheel etc are first rectified and then inverted to three-phase for grid connection. There are also some microsources like microhydro-power plants, fixed-speed wind turbine generators, diesel generators which are connected directly to the grid [1] . MG's are interfaced to the main grid through a Point of Common Coupling (PCC) which consists of a CircuitBreaker (CB). The CB is able to connect or disconnect the MG from the main grid by receiving trip signals from a local control unit.
After islanding, reconnection of the microgrid with the main grid at the PCC is possible only when the voltage error is below 3%, frequency error is below 0.1 Hz and phase angle error is below 10 0 [2] . If these conditions are satisfied the resynchronization is possible with minimal transients. Fig. 1 shows an example of a microgrid with various DGs along with loads connected within it. 
II. MICROSOURCES MODELING

A. Wind turbine
The wind generation model used in this paper is a fixed speed wind turbine, which uses a squirrel cage induction generator and is connected directly to the main grid. Due to its intermittent nature it is considered as a negative load, but is a major power source when the wind blows within proper limits. As the model uses a squirrel cage induction generator it absorbs reactive power for establishing magnetic flux, so instead of taking reactive power from the main grid there is a capacitor bank provided for power factor correction which becomes more important during islanded mode. The rotational speed of the generator is determined by the grid frequency and the pole pairs of the machine. There is minimum deviation (1-2%) in the operating speed of the turbine [3] .
B. Microhydro system:
A microhydro system is typically used to generate power at low levels for a small community. It is generally realized by a dammed pool at a high head and low flow water supply, which pass through a pipe to a pelton wheel located in a small generator housing. A synchronous generator is connected to the pelton wheel in this case. For low heads generally a Francis turbine can be used. The microhydro system is usually accompanied with an excitation system and governor.
The three-phase terminal voltage is sensed and converted into rotating reference frame components, V d and V q . The rms voltage is obtained from these components and sent through a low pass filter, which is then compared to a reference voltage. The error is amplified and produces the regulator output voltage needed to control the excitation voltage to set the terminal voltage constant by using steady state loop equations [4] .
A governor model dictates the control of gate valves in order to supply the required water flow for proper operation. A PID controller with frequency droop compares the reference frequency with output frequency to modify the water flow.
The two systems are defined by second order transfer functions [5] . The dynamic models of the excitation and governor system were already available in Matlab/Simulink toolbox.
C. PV Array
A photovoltaic array is an intermittent DC power source. Since a PV array needs to be grid connected, it has to be interfaced through an inverter. The PV panel used in this paper is a two diode mathematic model taken from [6] . The voltage and current characteristics are given by:
Where C s is the Shockley saturation diode parameter, E g is the energy band gap of the semiconductor material, k is the Boltzmann constant, T is the temperature, q is the elementary charge and V is the voltage across the panel. The current due to charge carrier recombination is given by:
Where, C r is the photocurrent losses coefficient due to carrier recombination.
The overall current of a two diode model including the irradiance dependent photo-current, i ph = (C ph +C t T)G, where C ph is the photocurrent coefficient, C t is the temperature coefficient and G is the irradiance, is given by:
The last term on the right hand side of equation (3) characterizes the current due to the voltage drop across the parallel and series resistances, r p and r s respectively.
An MPPT algorithm can be used to operate the PV panel at its maximum power point. The inverter in this case is operated at a constant active and reactive power based on setpoints dictated by the MPPT algorithm [7] . In this paper an incremental conductance MPPT algorithm was used to operate the PV panel, where the power generated from the array was differentiated with respect to voltage and then equated to zero [8] .
Rearranging the equation gives,
By iteratively solving the above equation and operating the PV panel at the obtained voltage and current gives the MPP.
D. Fuel Cell
In this paper a Solid-Oxide Fuel Cell was considered, which acts as a controllable power source. The dynamic model was taken from [10] . The core idea of power flow from the SOFC is the chemical reaction given by
The above reaction takes place in two halves i.e. at the anode and cathode given by
The electrons released from the anode pass through an external circuit towards the cathode and react with oxygen molecules, hence producing current while the produced oxygen ions at the cathode pass through the electrolyte and react with the Hydrogen molecules for a chemical balance.
Numerically the voltage produced from these reactions for one fuel cell is low; hence these fuel cells need to be stacked in order to produce high voltages for grid connection purpose.
The model used in this paper contains all the electrochemical dynamics and losses of a SOFC. An inverter interfaces the SOFC to the main grid.
E. Storage Device
A single storage device can usually be a DC power source, with limited power capability and is connected to the main grid through an inverter interface. It is an important part of the microgrid especially during the island mode of operation as it takes up the portion of the power which was previously being generated by the main grid. In order to provide such high power many battery sources need to be stacked in parallel for back-up. As the battery has the capability of a bidirectional power flow, it can also absorb excess energy. In the microgrid considered in this paper the storage device is assumed to be a DC voltage source.
III. CONTROL OPERATION
A. PQ control
As previously mentioned the microgrid in this paper contains both directly connected and inverter interfaced microsources, their control scheme also varies. All the controllable inverter interfaced microsources are operated with a PQ control strategy when grid-connected. In the PQ control of an inverter as shown in Fig.2 , Park's transformation is used to convert the three-phase voltages and currents at the grid side into the rotating reference frame components [7, 10] . The currents in the rotating reference frame i.e. i d and i q are proportional to the active and reactive power, hence by controlling the direct and quadrature axis components of current the active and reactive power through an inverter can be controlled [11] . As the reference frame is synchronized with the grid voltage, the qudratrature voltage component, V sq = 0 and hence the power equations at the grid side can be written as:
The microsources are restricted to the amount of reactive power they can generate, which is determined by the power factor that ranges from 0.8 to 1.
From (9) and (10) the reference currents for a current controlled inverter with predetermined power settings, P sref and Q sref are given by:
For the above rotating reference frame current regulation, standard decoupling and feed-forward control loops are utilized giving the following current dynamics,
Fig. 2 PQ control Scheme [11] Where V sd , V sq , i d and i q are the instantaneous values of the rotating reference frame voltages and currents, L is the inductance connecting the inverter to the grid and K p, K i are the PI controller coefficients.
The modulation signals m d, m q are obtained from V dref , V qref and are converted to three-phase signals by using Clarke's transformation. The modulation signals when compared to a unity triangular wave signal in a PWM gives the switching pulses for the inverter switches.
B. V/f control
In islanded mode the distributed sources operating with PQ control strategy lose their voltage and frequency references, which were previously dictated by the main grid. The storage device which was previously being operated with a PQ control changes to V/f control. The storage device provides the power imbalance that was being supplied from the main grid to the microgrid before the islanding instant. Rest of microsources could either be operated at the same set points or may change their set points based on the supply and demand. It is assumed that the storage device has an adequate reserve to be able to provide the same power imbalance as the main grid. There is also the droop control method where multi-power sources participate in the power balance during the island mode [10] . These DG's follow frequency droop (f-P) and voltage droop (V-Q) characteristics to change the operating points in order to follow the power imbalance caused by the disconnection of the main grid. However there are disadvantage involved with droop control that include poor voltage regulation, high voltage distortion and loss of synchronism with the main grid which poses a problem while resynchronization with the main grid [12] . The V/f control scheme is shown in Fig. 3 . The V/f control strategy is a tight closed loop control with the V ref and f ref being the nominal values of the LV test-bed [13] . The frequency is measured using a Phase-Locked Loop. The power imbalance is automatically detected by the storage system and it supplies the remaining power. If all the power limits of the DGs are exceeded then load shedding of non-critical loads become inevitable. When the signal for resynchronization is given, the storage systems returns to its normal PQ control. Fig. 3 Voltage and frequency closed loop feedback V/f control. [12] IV. TIME-DOMAIN SIMULATION RESULTS Simulations were carried out to see the dynamic response of the overall system for various cases. All the power ratings and settings of microsources are given in Table I . The loads within the microgrid system are mentioned in Table II . The microgrid was maintained at a constant Voltage and frequency of 480 V and 60 Hz respectively.
A. Grid Connected mode
The system response starts with all the microsources within the microgrid connected to the main grid through a PCC. The set-points for the controllable sources are shown in the Table  I . The wind turbine produces only active power while absorbing reactive power based on the wind profile. The power setting for an inverter interfaced PV-array is set by the MPPT algorithm. For an irradiance change of 1200, 1250 and 1300 W/m 2 the maximum power points were found to be 40.14, 41.581 and 42.995 KW respectively. The microhydro system output is dependent on the reference power settings. While each microsource has a variable range of active and reactive powers, the power imbalance is continuously supplied by the main grid. Fig. 4 shows the inverter interfaced storage device which receives reference signals from the two operating mode's control loop depending on the mode of operation.
B. Islanded mode
At time, t=4 s a bypass signal for intentional islanding is given which opens the breaker at the PCC and disconnects the main grid from the microgrid. Immediately the control scheme for the storage device changes from PQ control to V/f control with minimal transients while maintaining a normal operation. In this paper all the other controllable microsources excluding the storage are operated same as the preislanding instant .i.e. the power settings remain unchanged. The storage device meets the power imbalance of the loads hence maintaining the normal pre-islanded operation. At time, t=8 s another bypass signal was given to resynchronize the islanded microgrid with the main grid. The feature which allowed the smooth transition between the modes can be attributed to the fact that while the storage inverter was operating in one of the modes the PI controllers of the other mode were given a zero value instead of the error signals. In this paper a number of Distributed Generators were developed in a microgrid. Their dynamic and steady state behaviors were examined in a Matlab/Simulink simulation environment. Simulations were carried out to examine the transients when the microgrid changes from grid connected mode to islanded mode and then back to grid connected mode. The two control modes used in this paper were PQ control and V/f control. A dedicated storage device with enough power capacity was assumed, which helped to smooth out the power imbalance during the islanded mode of operation.
Results indicated that all DGs apart from the storage device operated in a regular way, while the storage device experienced a change in its operation during the islanding mode to maintain the pre-islanded voltage and frequency values. It is also observed that the transition between the two modes of operations takes place with minimal transients. 
APPENDIX
